. Recently, it has been shown that the NCS protein VILIP-1 influences the activity of the receptor guanylyl cyclase GC-B. In transfected cell lines, VILIP-1 performs a Ca 2+ -dependent membrane association, the reversible Ca 2+ -myristoyl switch of VILIP-1, which leads to an increase in natriuretic peptidestimulated cGMP levels. In this study, we have investigated the effect of VILIP-1 on cGMP signalling in C6 cells and in primary hippocampal neurons, where VILIP-1 and GC-B are co-expressed in many but not all neurons and partially co-localize in the soma and in dendrites. Our data indicate that VILIP-1 modulates GC-B activity by influencing clathrin-dependent receptor recycling. These data support a general physiological role for VILIP-1 in membrane trafficking in the intact hippocampus, where the NCS protein may affect processes, such as neuronal differentiation and synaptic plasticity e.g. by influencing cGMP-signalling.
Introduction
The family of neuronal Ca 2+ sensor (NCS) proteins, including NCS-1, DREAM/KChIP-3 (downstream regulatory element antagonist modulator/potassium channel interacting protein) or VILIP-1 (Visinin-like-protein-1), has recently been implicated in a variety of physiological processes ranging from synaptic plasticity (Genin et al., 2001; Sippy et al., 2003; Braunewell et al., 2003) , pain modulation (Cheng et al., 2002) , neuropathological processes (Kabbani et al., 2002; Bahi et al., 2003; Schnurra et al., 2001; Bernstein et al., 2002; Bernstein et al., 2003) to cancer (Mahloogi et al., 2003) . At the molecular level, NCS proteins have been shown to play multiple key roles in controlling neuronal function (Braunewell and Gundelfinger, 1999; Burgoyne et al., 2004) . Recently some of the molecular mechanisms by which NCS proteins modulate neuronal signalling cascades have been explored in detail.
NCS proteins can translocate to subcellular membrane compartments by a molecular mechanism termed Ca 2+ -myristoyl switch, which is dependent on Ca 2+ -binding and Nterminal myristoylation of the proteins. Recent work has revealed differences in Ca 2+ -sensitivity and in translocation kinetics of NCS proteins to subcellular membranes (O'Callaghan et al., 2002; Spilker et al., 2002a) . In contrast to NCS-1, which seems to be Ca 2+ -independently associated with Golgi membranes (O'Callaghan et al., 2002) , VILIP-1 shows a stimulus-dependent, reversible translocation to Golgi membranes and yet undefined specializations in neuronal dendrites (Spilker et al., 2002a; Spilker and Braunewell, 2003) . These data indicate that the Ca 2+ -myristoyl switch of NCS proteins can provide a fast signalling mechanism to influence membrane-associated receptor systems in a Ca 2+ -dependent or independent manner. Consistent with this notion, VILIP-1 was shown to modulate various membrane-localized receptors, including the receptor guanylyl cyclases GC-A and -B Spilker et al., 2002b) . Similarly, the highly homologous protein neurocalcin δ was shown to modulate the activity of homologous guanylyl cyclases, like retGC1 expressed in retinal neurons and ONE-GC expressed in the olfactory neuroepithelium . In C6 and PC12 cells an influence of VILIP-1 on cGMP-signalling is observed following activation of GC-A and -B by the atrial natriuretic peptide (ANP) and the C-type natriuretic peptide (CNP), respectively. In primary cerebellar cultures, VILIP-1 was found to affect neuronal GC-B specifically but not glial GC-A . Thus, it is likely that VILIP-1 is a physiological modulator of the neuronal CNP signalling pathway, the receptor GC-B and the second messenger cGMP, and therefore, may influence cGMP-dependent neuronal processes, including neuroprotective/neurotoxic cascades (Fiscus et al., 2002) , different forms of synaptic plasticity (Schuman and Madison, 1991; Monfort et al., 2002) and learning and memory (Telegdy, 1994) .
It was previously shown that NCS proteins control membrane traffic and surface expression of ion channels and receptors Weiss et al., 2000; Zhao et al., 2001) , and that VILIP-1 increases the cell surface expression of the α4-subunit of the nicotinic acetylcholine receptor (Lin et al., 2002b) . To investigate whether VILIP-1 has a general role for membrane trafficking, we have studied whether the VILIP-1 effect on GC-B activity in C6 cells is also dependent on cell surface expression and receptor recycling. To validate these findings further and to test for a possible physiological significance of the VILIP-1 effect on GC-B in the hippocampus, we have examined the effect of VILIP-1 on GC-B signalling in primary hippocampal neurons. In this study we will provide evidence that VILIP-1 modulates receptor guanylyl cyclase function in hippocampal neurons, and that the underlying molecular mechanism resulting in enhanced surface expression and activity of GC-B is a general effect on clathrin-dependent receptor trafficking.
Materials and Methods
Materials CNP, PAO, monensin and wortmannin for cell stimulation experiments were obtained from Sigma (St Louis, MO) and Calbiochem (San Diego, CA). Biotinylated CNP was purchased from Phoenix Pharmaceuticals (Bellmont, CA). Cell culture reagents were obtained from GibcoInvitrogen (San Diego, CA). Unless otherwise specified, all other reagents were purchased from Sigma and Roth (Karlsruhe, Germany).
Antibodies
Rat and rabbit polyclonal antibodies, raised against recombinant VILIP-1 fusion protein, were affinity-purified on corresponding glutathion-Stransferase (GST)-tagged fusion proteins immobilized on Nhydroxysuccinimide ester coupled agarose columns (Bio-Rad, Hercules, CA) as previously described . Rabbit polyclonal antibodies against GC-B were raised against the C-terminal 14 aa of GC-B and affinity purified as described . Monoclonal antibodies used in this study comprised anti-MAP-2 (Sigma). Polyclonal clathrin antibodies were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Cy3 and Alexa Fluor™ 488 labelled secondary antibodies were purchased from Dianova (Hamburg, Germany) and Molecular Probes (Eugene, OR).
Cell culture and transfection of hippocampal neurons Hippocampal cultures were prepared as previously described (Spilker et al., 2002a) . Briefly, hippocampi from fetal wistar rat brains (embryonic day 18) were dissociated by enzyme digestion with 0.1% trypsin at 37°C for 20 minutes followed by trituration through two different sized syringes. Cells were plated onto poly-D-lysin coated 12 well culture plates (12 mm in diameter) at a density of 120,000 cells for transient transfection experiments and in 24 well culture plates with glass coverslips at a density of 60,000 cells for immunocytochemistry in DMEM containing 10% fetal calf serum, 2 mM L-glutamine and antibiotics. 24 hours after plating culture medium was exchanged for Neurobasal medium (Invitrogen) supplemented with 1ϫB27, 0.5 mM L-glutamine and antibiotics and cells were maintained in a humidified 37°C atmosphere containing 5% CO 2 . Hippocampal neurons were transfected with cDNA coding for GFP, VILIP-1-or VILIP-3-GFP after 6 days in culture essentially as described (Spilker et al., 2002a; Spilker et al., 2002b; Spilker and Braunewell, 2003) using the lipofectamin transfection method (Invitrogen). ) in a humidified 95% air, 5% CO 2 incubator essentially as described previously (Braunewell et al., 1997) . In C6-V1 and C6-V1M cells, VILIP-1-expression was induced overnight with 5 mM IPTG and, by virtue of leaky expression of VILIP-1 in C6-V1 and C6-V1M cells, these cells were compared with parental C6 cells. Cultures of C6, C6-V1 and C6-V1M cells, hippocampal cultures transfected with control vector (pOPR) and VILIP-1-transfected cultures (pOPR-V1) were homogenized in an appropriate volume homogenization buffer (25 mM Tris, 150 mM NaCl, pH 7.5), containing the protease inhibitors benzamidine (1 mM), phenylmethylsulfonylfluoride (0.1 mM). Nuclei and debris were removed by centrifugation at 1000 g for 5 minutes and equal protein concentrations (in µg protein ml -1 buffer) of the resulting cell homogenates were applied to 5-20% gradient SDS-PAGE. To investigate the expression levels of VILIP-1 and GC-B in the cells the previously described antibodies were used for western blot analysis (Braunewell et al., 1997) . Protein concentrations were measured by the BCA assay (Pierce, Rockford, IL).
SDS-PAGE and western blot analysis
Determination of cell surface expression of GC-B in C6 cells using biotinylated CNP GC-B surface expression was measured using an ELISA-system with subconfluent C6 and C6-V1 glioma cell cultures. In brief, C6 and C6-V1 cells were incubated for different periods of time with biotinylated CNP (0.2 µM). After fixation with paraformaldehyd [2% in ice cold phosphate buffered saline (PBS, pH 7.4) for 10 minutes], the cells were washed four times with PBS. Receptor-bound biotinylated CNP located on the cell surface was detected by incubation with streptavidin-coupled horseradish peroxidase for 45 minutes. After repeated washing with PBS, the cells were incubated with peroxidase substrate (ABTS, Roche, Mannheim) at 37°C for 1 hour. The reaction was stopped by addition of SDS (1% in PBS) and the supernatant was measured at 405 nm in a Dynex MR II ELISA-reader.
Determination of clathrin-dependent membrane transport via measuring the content of clathrin in membrane and cytosolic fractions following GC-B stimulation Clathrin membrane association studies were done according to Beattie et al. (Beattie et al., 2000) . C6 and C6-V1 cells were cultured as described above and stimulated with or without CNP (0.2 µM) for 10 minutes. The cells were washed once with cold PBS (4°C), harvested and pelleted in 1.5 ml of ice cold (4°C) fractionation buffer (50 mM Tris, 150 mM NaCl, 25 mM HEPES, pH 7.4) containing the phosphatase inhibitors NaF (5 mM), NaVO 3 (1 mM) and 1ϫcomplete VILIP-1 affects GC-B activity and surface expression Determination of transferrin internalization and transferrin receptor recycling Parental C6 cells were cultured on glass coverslips as described above. Transient transfection was carried out overnight on subconfluent C6 cultures with a vector containing GFP or VILIP-1-GFP cDNA essentially as previously described (Spilker et al., 2002a; Spilker et al., 2002b) . For internalization and recycling of Rhodamine-labelled human transferrin (Tetramethyl-rhodamine labelled transferrin, Molecular Probes, Eugene, OR), C6 cells were first incubated in fresh medium for 30 minutes at 37°C and then incubated in medium containing 30 µg ml -1 rhodamine-labelled transferrin for 5 minutes. After this pulse period, the medium was replaced by culture medium without rhodamine-labelled transferrin. Following an incubation of 8 minutes, the cells were washed twice with ice-cold PBS, fixed with 4% paraformaldehyde, and analyzed by fluorescence microscopy. As control, the experiments were performed at 4°C to block all membrane transport processes and receptor endocytosis.
Stimulation experiments and determination of intracellular cGMP in intact cells C6, C6-V1 and C6-V1M cells were cultured to confluency in 12-well tissue culture dishes (Falcon) and expression of VILIP-1 was induced overnight with 5 mM IPTG. Hippocampal neurons were plated at a density of 120,000 cells per well in 12-well tissue culture dishes and were transfected after 6 days in vitro as described above. Before the experiments the cells were washed with DMEM medium containing 20 mM Hepes, pH 7.4 and pre-incubated with DMEM containing 20 mM Hepes, pH 7.4, 1 mM IBMX for 30 minutes. The concentrations and incubation time of the effector CNP was 0.2 µM for 20 minutes at 37°C. Wortmannin was pre-incubated for 1 h at a concentration of 100 nM, monensin at 10 µM for 45 minutes, and PAO at 10 µM for 15 minutes. Measuring of intracellular cGMP concentrations from ethanolic (60%) cell extracts was performed with radioligand assay kits (TRK 500, Amersham, Piscataway, NJ) or with a cGMP enzyme immunoassay kit (RPN 226, Amersham).
Immunocytochemistry
Following fixation of hippocampal neurons with 4% paraformaldehyde in PBS, pH 7.4 for 20 minutes at room temperature, cells were washed twice with 25 mM glycine in PBS to quench background staining due to free reactive groups of paraformaldehyde. Subsequently the cells were permeabilized and blocked in 0.2% Triton X-100, 3% bovine serum albumine, 10% horse serum in PBS (blocking solution) for 30 minutes. Cells were incubated with primary antibodies diluted in blocking solution at 4°C overnight. In background controls the first antibodies were omitted. After washing three times with PBS secondary antibodies diluted in blocking solution without Triton X-100 were applied to the neurons for 1 hour at room temperature. After removal of unbound antibodies coverslips were mounted on slides with Mowiol (Calbiochem) including 1,4-diazobicyclo-[2.2.2]-octane (Merck, Darmstadt, Germany) to reduce fading. GFP and Cy3 fluorescence were visualized using a laser scanning microscope (Leica TCS SP2; Wetzlar, Germany) with Argon-ion (488 nm) and Helium-Neon (543 nm) laser excitation. The excitation light was coupled in via the main dichroic beam splitters (RSP500 for GFP and DD488/543 for Cy3 fluorescence). The emitted light was collected in sequential scans in the range of 505 nm to 550 nm (GFP) and 550 nm to 600 nm (Cy3), respectively. The pinhole was adapted between 1 (GFP) and 3 (Cy3) airy units. For the experiments, a Leica HCX APO L 63ϫ/0.9 water immersion objective was used at the upright microscope. The spatial resolution was 0.37 µm per pixel (in the x-and y-axes) for the aquired 512ϫ512 pixel images. To avoid any photodamage, the lowest laser intensity necessary for an adequate signal-to-noise ratio was used. Conventional fluorescence microscopy was performed on a Leica DMR fluorescence microscope. Images were recorded digitally and processed using the Adobe Photoshop 5.5 (Adobe Systems, San Jose, CA) and the NIH image 1.62 software (National Institutes of Health, Bethesda, MD) (available at http://rsb.info.nih.gov/nih-image/).
Results
Examination of the time course of GC-B activation by VILIP-1 and examination of the expression level of GC-B in C6 and VILIP-1-transfected C6-V1 cells In C6 cells GC-B was stimulated with CNP (0.2 µM) for 20 minutes (Fig. 1A) . The activation of the receptor cyclase was monitored by measuring the cellular cGMP contents in the presence of the phosphodiesterase inhibitor IBMX. Other inhibitors, i.e. zaprinast showed similar results (data not shown). Non-transfected C6 cells show an increase in cGMP levels following CNP stimulation (Fig. 1A, C6 ). In C6 cells that had been stably transfected with the VILIP-1-cDNA a higher reactivity towards CNP was observed as compared with nontransfected control cells (Fig. 1A , C6-V1). In kinetic studies the comparison of non-transfected (C6) with VILIP-1-transfected C6 cells (C6-V1) revealed that after CNP-stimulation of GC-B the VILIP-1 effect reaches maximal strength and a significant difference 20 minutes after receptor stimulation (Fig. 1B) . Since cGMP accumulation was enhanced by using IBMX the decrease of cGMP levels at later time points is explained by export of cGMP into the medium which was controlled in parallel (data not shown). The myristoylation mutant of VILIP-1 (Fig. 1C , C6-V1M), although being strongly overexpressed (data not shown), was only able to stimulate GC-B to a much lower extent than wild type VILIP-1. This observation is reminiscent of what was previously observed in PC12 cells ). Western blot analysis shows that no VILIP-1 expression is observed in non-transfected C6 cells (Fig. 1D , lane 1) but can be detected as a 22 kDa protein in stably transfected C6-V1 cells (Fig. 1D , lane 2). C6 cells express only GC-B but not GC-A ) and the amount of GC-B protein (Fig.  1D , lanes 3, 4) does not significantly differ between nonexpressing ( Fig. 1D , lane 3) and VILIP-1-expressing cells (Fig.  1D , lane 4). Therefore, rather than changing receptor levels VILIP-1 seems to modulate receptor activity by other means, possibly involving the desensitization process of the receptor which occurs maximally 15-20 minutes following CNP activation (Pandey et al., 2002) .
Expression of VILIP-1 increases the surface expression of GC-B receptor following ligand stimulation in C6 cells
It has been previously shown that a desensitization-dependent internalization of GC-A occurs (Rathinavelu and Isom, 1991) and that the reduction of surface expression of GC-A reaches a maximum level approximately 15-20 minutes after receptor stimulation (Pandey et al., 2002) . By contrast, at this time point the receptor response is not desensitized in VILIP-1-transfected cells, but a rather strong increase in cGMP accumulation can be noticed compared with non-transfected cells (Fig. 1B) . To test whether VILIP-1 may interfere with desensitization and directly change surface expression of GC receptors, non-transfected (C6) and VILIP-1-transfected (C6-V1) C6 cells were incubated with biotinylated CNP for 20 seconds and the surface expression of CNP-bound GC was measured using a streptavidin-coupled ELISA assay (Fig. 2) . Interestingly, although the total content of GC-B proteins does not differ between C6 and C6-V1 cells (see Fig. 1D ), VILIP-1-transfected C6 cells (C6-V1) show an increased surface binding of biotinylated CNP when compared with non-transfected C6 cells ( Fig. 2A) , indicating an increased surface expression of GC receptors in VILIP-1-expressing cells already under basal (unstimulated) conditions. Incubation of cells with biotinylated CNP at different time points (1, 5, 10, 15, 20 and 30 minutes) revealed an effect of VILIP-1 on the recycling of GC receptors. In C6 cells following CNPstimulation a strong decrease in the level of surface expression of GCs was observed reaching a maximum of decrease at 10 minutes and then returned to background levels after 30 minutes (Fig. 2B, C6 ). By contrast, in VILIP-1-transfected cells no decrease in surface expression occurred and only after 20 minutes a slow reduction of surface expression is seen (Fig. 2B , C6-V1). These data indicate that VILIP-1 expression attenuates CNP-induced receptor recycling and thus receptor desensitization.
Expression of VILIP-1 changes the subcellular distribution of clathrin in C6 cells following CNP stimulation indicating changes in clathrin-dependent membrane transport of GC receptors To investigate whether the observed VILIP-1 effect on cGMP accumulation and cell surface expression of GC-B is dependent on clathrin-mediated receptor recycling, subcellular fractionation experiments were performed. Induction of endocytosis is known to lead to the accumulation of clathrin in a surface and microsomal membrane fraction (P2 fraction), when separated from the remaining cytosolic S2 fraction (Beattie et al., 2000) . Interestingly, western blot analysis with clathrin antibodies showed a changed clathrin distribution in the P2 and S2 fraction upon CNP stimulation in non-transfected (C6) and VILIP-1-transfected (C6-V1) C6 cells (Fig. 3A,B) . In untransfected C6 cells an increased association with the P2 membrane fraction is observed after CNP stimulation (+CNP) (Fig. 3A, C6 , compare -/+CNP). VILIP-1-transfected C6-V1 cells show already a slightly increased basal association of clathrin with the P2 fraction without stimulation, and following CNP-stimulation no more significant change in the association of clathrin with the P2 fraction is observable (Fig. 3A , C6-V1, compare with C6 and compare -/+CNP). In the S2 fraction the opposite effect was seen (data not shown). Quantification of the subcellular distribution of clathrin from western blot analysis (n=7) in non-transfected C6 cells revealed a significant (80%) CNP-induced increase in the amount of clathrin in the P2 membrane fraction, whereas in C6-V1 cells no change or even a small decrease in the amount of clathrin in the P2 fraction occured in cells which had been stimulated with CNP (Fig. 3B) . These data indicate that VILIP-1-expression modulates not only CNP-dependent GC activity but also basal and CNP-induced, clathrin-dependent processes, most likely representing GC receptor recycling.
Transient expression of VILIP-1-GFP alters clathrinmediated receptor trafficking of the transferrin receptor in C6 cells To prove that the effect of VILIP-1 on CNP-induced clathrin re-distribution represents a clathrin-dependent membrane trafficking process, we studied trafficking of the transferrin receptor, a marker for clathrin-dependent receptor recycling, in transiently transfected C6 cells. C6 cells transfected with VILIP-1-GFP were incubated with Rhodamine-labelled transferrin and afterwards the subcellular localization of transferrin (Fig. 3C ,D, red channel) was examined by fluorescence microscopy. The expression of VILIP-1-GFP was shown by green fluorescence of the GFP fusion protein (Fig.  3D, green) . . By contrast, in GFP-VILIP-1-expressing C6 cells the nuclear localization was not apparent, but a rather cell surface associated localization became evident (compare Fig. 3C,D) , indicating that VILIP-1-expression affected transferrin receptor recycling. In non-expressing and GFP-expressing (Fig. 3F , green) C6 cells no difference in transferrin receptor recycling was observed (compare Fig.  3E,F) . The difference in localization of the transferrin receptor (Fig. 3C ,E, red channel) from two experiments was quantified (Table 1) as number of cells showing perinuclear localization in non-transfected C6 versus GFP-or VILIP-1-transfected C6 cells (Fig. 3D,F, green fluorescence) . Expression of VILIP-1 led to a reduction of perinuclear localization of the transferrin receptor (19%) compared with C6 (67%) or C6-GFP (81%) controls, indicating that receptor recycling was altered. In summary, these results in C6 cells clearly show that VILIP-1 influences clathrin-dependent membrane trafficking, most likely affecting the recycling of receptors from and to the cell surface.
GC-B and VILIP-1 co-localize in a large subpopulation of hippocampal neurons and are both distributed throughout the neuron with a punctate staining pattern in dendritic processes GC-B and VILIP-1 show a prominent expression in brain, especially in the hippocampus (Herman et al., 1996; Braunewell and Gundelfinger, 1999) . Thus, it was interesting to investigate whether the proteins are both co-localized in hippocampal neurons and whether they co-distribute in neuronal compartments. These results can give insight whether the modulation of GC-B by VILIP-1 might also occur in hippocampal neurons and therefore might play a physiological role in the hippocampus. Therefore, to verify a possible functional interaction of VILIP-1 with GC-B in living hippocampal neurons, we performed co-localization studies. Indirect immunofluorescence staining of hippocampal cell cultures (14 days in vitro) with specific antibodies against VILIP-1 (rat) and GC-B (rabbit) reveal co-expression of the two proteins in most hippocampal neurons in culture as shown by co-staining of VILIP-1 and MAP-2 (Fig. 4A) , GC-B and MAP-2 (Fig. 4B) and VILIP-1 and GC-B (Fig. 4C) . However, there are also examples for a non-overlapping expression in a neuronal subpopulation as shown by co-staining of VILIP-1 and GC-B (Fig. 4D-F) . The overlay of red and green fluorescence (Fig. 4F) shows neurons that are expressing GC-B (Fig. 4D) but that are devoid of VILIP-1 (Fig. 4E) . Specificity of the GC-B and VILIP-1 staining was shown by background controls with secondary antibodies only (Fig.  4D ,E, insets). At higher magnification the subcellular distribution of VILIP-1 (Fig. 4H ) and GC-B (Fig. 4G ) in dendritic processes can be observed. The overlay of red and green fluorescence reveals strong co-expression in distinct punctate structures (Fig. 4I) , indicating a high likelihood for a functional role of VILIP-1-modulated GC-B signalling in neuronal dendrites.
VILIP-1 and GC-B are both expressed at high levels in primary hippocampal neurons and VILIP-1 affects cGMP accumulation evoked by CNP-stimulation of membranebound GC-B in transiently VILIP-1-transfected hippocampal neurons VILIP-1 has been shown to affect cGMP accumulation in different stably transfected neuronal cell lines and to interact with the catalytic domain of GC-B, therefore we were interested whether VILIP-1 may influence cyclase activity in transiently transfected primary hippocampal neurons overexpressing the VILIP-1 cDNA. The expression of endogenous VILIP-1 (Fig.  5A , lane 1) and GC-B (Fig. 5A , lane 2) in hippocampal cultures was verified with specific antibodies reacting with protein bands of a molecular mass of 22 and 130 kDa, respectively, in western blots. Transfection of hippocampal neurons with pOPR-V1 vector containing the VILIP-1 cDNA led to enhanced VILIP-1 expression (Fig. 5A , compare lane 3 and lane 4), but tubulin (lane 4) and GC-B (lane 6) expression did not change, compared with cells transfected with the empty vector (lanes 3 and 5).
In neurons that were transfected with the empty vector (Fig. 5B, pOPR) , CNP-stimulation led to enhanced cGMP accumulation indicating functional expression of GC-B. In VILIP-1-transfected hippocampal neurons (Fig. 5A , pOPR-V1) a highly significant two-fold increase in cGMP-production following CNP stimulation was detected compared with vector controls (Fig. 5A , compare pOPR and pOPR-V1). The observed modulatory effect of transiently expressed VILIP-1 on GC-B activity in hippocampal neurons is similar to the effect observed Journal of Cell Science 118 (11) For C6 cells and VILIP-1-GFP-transfected C6 cells n=3; for GFPtransfected C6 cells n=2. VILIP-1 affects GC-B activity and surface expression in stably transfected cell lines (Fig. 1A-C) , ruling out the possibility that the effect is restricted to some clonal cell lines. These experiments clearly document that VILIP-1 is able to affect cGMP accumulation following transient transfection of primary neuronal cultures.
Effect of VILIP-1 on membrane transport processes such as recycling of guanylyl cyclase receptor in primary hippocampal neurons To find out whether the effect of VILIP-1 on surface expression of receptor GCs may be linked to the functional effect on GC-B receptor activity in hippocampal neurons we investigated whether pharmacological interference with distinct membrane transport phenomena can affect VILIP-1-dependent cGMP accumulation. Control-transfected (pOPR) and VILIP-1-transfected (pOPR-V1) hippocampal neurons were stimulated with CNP for 20 minutes in the presence or absence of the membrane transport inhibitors monensin, wortmannin and phenyl arsinide (PAO). The late endosome inhibitor monensin which affects clathrin-dependent exocytosis, and PAO, which affects clathrin-dependent endocytosis, led to a significant decrease of CNP-stimulated cGMP accumulation in controltransfected neurons, indicating that for CNP-induced desensitization of GC-B, receptor recycling on the level of exoand endocytosis may play a role (Fig. 5C, pOPR) . In VILIP-1-transfected hippocampal neurons monensin and PAO strongly decreased the VILIP-1-mediated effect on cGMP accumulation back to levels observed in control-transfected cells (Fig. 5C,  pOPR-V1) . Wortmannin, known to interfere with phosphoinositide 3-kinase (PI3K) activity and thereby influencing fast receptor recycling , did not significantly influence cGMP accumulation and even showed a slight increase in control-transfected and in VILIP-1-transfected cells. These results show that receptor recycling is important for functional activity and desensitization of receptor GC-B. VILIP-1 likely affects clathrin-dependent receptor recycling of GC-B via a monensin-sensitive and wortmannininsensitive mechanism in hippocampal neurons.
VILIP-1 but not VILIP-3 expression attenuates CNPinduced internalization and receptor recycling of GC-B in primary hippocampal neurons
To prove the effect of VILIP-1 on CNP-induced internalization, receptor recycling and thus, desensitization of GC-B, we performed confocal immunofluorescence studies in transfected primary hippocampal neurons. A closely related NCS-family member, VILIP-3, served as a negative control because VILIP- hippocampal neurons were stimulated with CNP for 20 minutes in the presence or absence of monensin (+Mon) or wortmannin (+WM), which inhibit receptor recycling at different stages; or in the presence of the endocytosis inhibitor PAO (+PAO). CNP-stimulated cGMP accumulation in control-transfected (pOPR) hippocampal neurons was set to 100% and all other values were expressed as % of control (CNP, pOPR). Mean values±s.d. are from at least three experiments, except PAO (two experiments), and were carried out in triplicate. Asterisks (*,***) mark significant differences (P<0.05, P<0.005, n=<3, Student's t-test).
3 does not influence cGMP accumulation in transfected cell lines (Spilker et al., 2002b) .
When GFP control-transfected hippocampal neurons (insets, green fluorescence) were stimulated with CNP the subcellular localization of GC-B (red fluorescence) changed from a combined cell surface membrane and intracellular localization to a more pronounced localization in intracellular membrane compartments (compare Fig. 6A and B) , indicating that receptor internalization takes place. The heterologous expression of VILIP-1-GFP (insets, green fluorescence) led to an increased surface localization already without stimulation and additionally interfered with the CNP-induced GC-B-internalization (compare Fig. 6C with D, and A with B) . By contrast, when VILIP-3-GFP was expressed the internalization of GC-B receptor still occured upon CNP-stimulation, similar to the GFP control-transfected neurons (compare Fig. 6E and F with 6A and B) , showing the specificity of the VILIP-1 effect. The differences in the subcellular GC-B localization before and after CNP-stimulation in control-transfected and VILIP-1-transfected hippocampal neurons were categorized as intracellular, combined intracellular/cell surface or cell surface expression of GC-B and were quantified from 4 experiments ( Table 2 ). In GFP controltransfected neurons the cell surface expression of GC-B decreases following CNP-stimulation from 20% to 0%, indicating internalization of the receptor. In VILIP-1-GFPtransfected neurons the cell surface localization is increased from 20% to 53% already without CNP-stimulation, whereas the intracellular localization is decreased from 33% to 0% when compared with GFP control-transfected cells. Following CNPapplication the number of cells with cell surface localization slightly increases to 57%, showing that VILIP-1 interfered with receptor recycling under both, basal and CNP-stimulated, conditions. By contrast, VILIP-3-GFP did not interfere with internalization. In summary, VILIP-1 expression increases cell surface expression of GC-B by interfering with receptor recycling. These data are in line with the results obtained with C6/C6-V1 cells (Fig. 2B) . Thereby, VILIP-1 influences the desensitization process of GC-B, a mechanism that most likely accounts for the effect of VILIP-1 on GC-B activity in primary hippocampal neurons.
Discussion
Previous results suggested the NCS protein VILIP-1 as a modulator of several neuronal signalling cascades: it has been implicated in modulation of adenylyl cyclase activity (Braunewell et al., 1997; Lin et al., 2002a; Mahloogi et al., 2003) and related cyclase enzymes, including the soluble and the membrane-localized GCs Spilker et al., 2002b) . Interestingly, these data were recently supported by findings that the related protein neurocalcin δ was found to interact with and directly influence related guanylyl cyclases, namely the retinal and the olfactory GCs Duda et al., 2004) . However, we have not found the same direct activation mechanism, although VILIP-1 can interact in a Ca 2+ -dependent manner with the cytosolic catalytic domains of the cell surface receptors GC-A and GC-B in vitro . Moreover, VILIP-1 also interacts with a cytosolic domain of another membrane receptor, the α4β2 nAChR (Lin et al., 2002b) . As in the case with GC-B, VILIP-1 influences surface expression and activity of the receptor. However, the precise role of the interaction of VILIP-1 with these two unrelated membrane-localized receptors for the effect on their surface expression and activity has still to be elucidated.
One of the mechanisms by which VILIP-1 modulates different neuronal signalling cascades seems to be the Ca 2+ -myristoyl switch. Ca 2+ -binding is necessary for the membrane localization of the protein , which is in line with the Ca 2+ -myristoyl switch model of VILIP-1 signalling as a prerequisite for activation of receptor signalling systems Spilker et al., 2002a; Lin et al., 2002b) . Following a Ca 2+ stimulus VILIP-1 translocates to trans-Golgi membranes and to cell surface membranes, e.g. in dendritic structures in hippocampal neurons and has thus been postulated to serve as a cellular signalling mechanism in living cells (Spilker et al., 2002a; Spilker and Braunewell, 2003) .
Journal of Cell Science 118 (11) Wild-type VILIP-1, which is localized in the cytosol and at the surface membrane, acts stronger at membrane-localized guanylyl cyclase A, whereas the myristoylation mutant VILIP-1, which is mainly localized in the cytosol more strongly enhances soluble guanylyl cyclase activity . We have made similar observations for GC-B in C6 cells (Fig. 1C) . Moreover, the Ca 2+ -dependent membrane association also seem to be important for the effect on another membrane receptor, the α4β2 nAChR. Mutants lacking the myristoylation or the calcium-binding sites have no effect on surface expression of the receptor (Lin et al., 2002b) .
To further characterize the molecular mechanisms of the VILIP-1 effect on GC-B we have investigated the possible role of the modulation of cell surface expression for functional activity. Sustained stimulation of GCs by an agonist induces loss of functional receptors at the cell surface, leading to a reduction in responsiveness to subsequent stimulation. Internalization of two closely related receptors, GC-A and the enterotoxin receptor GC-C, has been shown to be a mechanism of desensitization (Pandey et al., 2002; Ghanekar et al., 2003) , which, besides phosphorylation, regulates the activity of natriuretic peptide receptors (Lucas et al., 2000) . VILIP-1 expression was shown to enhance cell surface expression of nAChRs (Lin et al., 2002b) , thus, a particularly interesting possibility is that VILIP-1 may influence GC-B activity by affecting GC-B surface expression. Endocytosis, receptor recycling and associated desensitization of GC-A (Pandey, 2001; Pandey et al., 2002) show a similar kinetic profile as the VILIP-1 effect on guanylyl cyclase activity (this study), raising the possibility that the VILIP-1 effect is linked to receptor recycling. In our experiments VILIP-1 not only increased CNP-induced cGMP accumulation but clearly changed the surface expression of GCs upon ligand stimulation, i.e. more ligand bound to surface membranes of VILIP-1-expressing C6 cells. In parallel, VILIP-1 also influences the subcellular distribution of clathrin following CNP stimulation in C6 cells, indicating that clathrin-regulated membrane trafficking plays a role for GC-B function. Moreover, the transient expression of VILIP-1 in C6 cells also affected transferrin receptor recycling. The transferrin receptor has been used as prototype marker for clathrin-dependent receptor recycling (Maxfield and McGraw, 2004) . Therefore, we conclude that in C6 cells VILIP-1 affects cGMP-signalling via a general effect of altering clathrin-dependent membrane trafficking of the GC-B receptor.
This notion is further supported by a circumstantial line of evidence. Various NCS proteins can interact with molecules connected to membrane trafficking, including interactions with α-and β-clathrin and β-2-adaptin Palmer et al., 2001) . Furthermore, NCS proteins like the KChIPs and NCS-1 have already been shown to influence surface expression of Ca 2+ and potassium channels Weiss et al., 2000; Zhao et al., 2001) . NCS-1 interacts with ARF1 to control transGolgi network-plasma membrane trafficking (Haynes et al., 2005) . For VILIP-1 it was shown that it can interact with the cortical actin cytoskeleton (Lenz et al., 1996; Spilker et al., 2002a) , which is also involved in the endocytosis process; VILIP-1 influences rhoA activity, a modulator of the cortical cytoskeleton (Mahloogi et al., 2003) , and finally VILIP-1 is able to increase cell surface expression of the α4β2 nicotinic acetylcholine receptor (Lin et al., 2002b) . A general role for VILIP-1 in membrane transport and receptor trafficking is supported by its localization in raft membranes (Orito et al., 2001) and at the Golgi (Spilker et al., 2002a) , membrane compartments known to be involved in endocytosis (Herreros et al., 2001) . Recently, VILIP-1 was found to be associated with clathrin-coated vesicles from rat brain, suggesting an involvement in clathrin-dependent trafficking (Blondeau et al., 2004) . Therefore, it appears more than likely that VILIP-1, directly or indirectly, affects general membrane trafficking in neurons.
Thus, in primary hippocampal neurons, a more physiological environment, the relevance of the effect of VILIP-1 on GC-B surface expression was further investigated. VILIP-1 colocalized with GC-B in many but not all cultured hippocampal neurons, and also significantly enhanced CNP-stimulated cGMP accumulation following transient transfection with the VILIP-1 cDNA. Moreover, heterologous VILIP-1-expression led to an increased surface expression and attenuation of GC-B internalization, which was not observed with the highly homologous protein VILIP-3. It has been previously shown that in the case of GC-A following ligand activation about 40-50% of internalized ligand-receptor complexes recycle back to the plasma membrane with an apparent half life, t 1/2 , of 8 minutes (Pandey et al., 2002) . It is conceivable that within the 20 minutes time span of our cGMP-measurement an effect on changed membrane transport and recycling may account for the VILIP-1 effect on GC activity. We examined the role of membrane transport in hippocampal neurons and asked whether VILIP-1, for example by influencing endocytosis (PAO) or receptor recycling (monensin, wortmannin), may prevent desensitization of GC-B. The application of the general inhibitor of receptormediated endocytosis PAO as well as the sodium ionophore monensin, an agent known to prevent receptor recycling, significantly reduced the GC-B activity and the effect of VILIP-1 on GC-B activity. Monensin, by raising the pH within the recycling endosomal compartment, disrupts trafficking Number of cells with cell surface, combined cell surface/intracellular and cell surface localization of GC-B in GFP-transfected, VILIP-1-GFP-and VILIP-3-GFP-transfected hippocampal neurons with (+CNP) or without (w/o stim) CNP-stimulation. In parentheses the number of cells counted for the conditions w/o stim and CNP-stimulation, respectively, are shown (n=4).
pathways, but leaves endocytosis unaffected (Mollenhauer et al., 1990) . As revealed by the pharmacological inhibition of membrane trafficking we could show that the effect of influencing receptor recycling is sufficient to explain a modulatory effect on cGMP accumulation, such as the VILIP-1 effect on GC-B activity.
The inhibition of endocytosis by PAO and thus, the increased surface expression, lead to a reduced GC-B activity in normal and VILIP-1-overexpressing neurons. A similar effect has been described earlier (Gray et al., 2001) , where the increased surface expression of a serotonin receptor resulting from the inhibition of endocytosis by PAO, was associated with receptor desensitization and thus, reduced activity, and additionally blocked the possibility for recycling of new resensitized receptor. Monensin does the opposite, it prevents receptor recycling and thus, decreases surface expression. It has the same effect as PAO, namely a decrease in GC-B activity, by means of blocking the possibility for recycling of newly resensitized receptors. Another agent interfering with receptor recycling, wortmannin, a phosphoinositide 3-kinase (PI3K) inhibitor, had no significant effect on cGMP accumulation in non-transfected and in VILIP-1-transfected cells. Recent studies on transferrin recycling suggest that two distinct recycling pathways exist (Sheff et al., 1999; . Transferrin partially recycles via a monensin-sensitve pathway through the recycling endosomes (slow pathway, t 1/2 =10-15 minutes), whereas another part of internalized transferrin takes a fast, wortmannin (PI3K)-sensitive recycling route from the sorting endosomes directly back to the plasma membrane (fast recycling, t 1/2 =2-3 minutes) (Sheff et al., 1999) . The fast route that bypasses recycling endosomes seems to strongly depend on PI3K since it is inhibited by wortmannin leaving the slow pathway via recycling endosomes unaffected . Similar data obtained using the drugs monensin and wortmannin have been found for the epidermal growth factor receptor, where the application of monensin, but not wortmannin inhibited receptor recycling (Chen and Wang, 2001) . Given that monensin, but not wortmannin inhibits the effect of VILIP-1 on cGMP accumulation via GC-B, it is likely that VILIP-1 exerts its effect via a wortmannin (PI3K)-insensitive, but monensinsensitve mechanism of receptor trafficking. Thus, the GC-B desensitization mechanism via receptor recycling seems to depend on a slow pathway (10-15 minutes) via the recycling endosomes. These results fit to the kinetics of the VILIP-1 effect on GC activity (this study) and the observed receptor half-life during desensitization of the related receptor GC-A (Pandey et al., 2002) . Moreover, a very similar effect of monesin on the recycling of GC-A, where monensin blocked the reappearance of internalized receptors on the cell surface, was described in PC12 cells (Rathinavelu and Isom, 1991) .
In summary, heterologous expression of VILIP-1 clearly increases basal and CNP-stimulated surface expression of GC-B, which is directly linked to the modulation of basal and CNPinduced GC-B activity. The co-localization of VILIP-1 with GC-B in hippocampal neurons and in the soma and dendritic membranes suggests that VILIP-1 may also influence GC activity under physiological conditions in the hippocampus in vivo. In the context with the Ca 2+ -dependent localization of VILIP-1 at the trans-Golgi network and dendritic membrane specializations in hippocampal neurons (Spilker et al., 2002a) it is conceivable that GC-B and VILIP-1 may influence neuronal signalling in dendrites of hippocampal neurons in a Ca 2+ -and cGMP-dependent manner. As shown in detail for the example of GC-B, VILIP-1 appears as a general regulator of clathrin mediated events throughout the cell. VILIP-1 effects include modulation of surface expression of the nAChR (Lin et al., 2002) , receptor recycling of GC-B and the transferrin receptor (this study) and most likely modulation of a set of other neuronal receptors can be expected. Through this global mechanism on receptor trafficking VILIP-1 might contribute to processes of synaptic plasticity under physiological and pathological conditions in the hippocampus.
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